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Abstract This article describes a fluorescent molecularly
imprinted polymer (MIP) capable of selective fluorescent
turn-on recognition of the tumor biomarker α-fetoprotein.
The technique is making use of amino-modified Mn-doped
ZnS quantum dots (QDs) as sol id supports , 4-
vinylphenylboronic acid and methyl methacrylate as the func-
tional monomers, γ-methacryloxypropyl trimethoxysilane as
the grafting agent, and α-fetoprotein as a template. A graft
imprint is created on the surface of the QDs. The functional
monomers are shown to play an important role in the for-
mation of the binding sites and in preventing nonspecific
protein binding. The resulting MIP-QDs display a good linear
response to α-fetoprotein in the 50 ng·L−1 to 10 μg·L−1

concentration range, and the limit of detection is 48 ng·L−1.
In our perception, the method has a wide scope in that it may
be adapted to various other glycoproteins.

Keywords Fluorescent probe .Manganese-doped ZnS .

Glycosylation . Tumormarker . High-resolution TEM .

Vinylphenylboronic acid

Introduction

Glycosylation encompasses a diverse selection of sugar-
moiety additions to proteins that with significant effects on
protein folding, conformation, distribution, stability and activ-
ity [1]. The resultant glycoproteins play important roles in
numerous biological events, and a large number of them have
been served as disease biomarkers and therapeutic targets in
clinical diagnostics [2, 3]. A thorough understanding of the
molecular basis of disease requires the detailed analysis of the
proteins being involved [4]. However, the dynamic nature of
metabolism, the complexity of proteins and the low stoichi-
ometry of protein post-translational modifications pose a seri-
ous technical challenge to specifically recognize target pro-
teins from biological samples [5]. The enzyme-linked
immuno-sorbent assay (ELISA) is the gold standard for clin-
ical protein biomarker detection in complex biological sam-
ples. Unfortunately, antibodies are not always perfect owing to
their high costs, time-consuming and instability when out of
their native environment [6]. LC-MS-based proteomics have
attracted considerable attention for biomarker discovery but
they are currently too expensive and technically complex for
routine clinical diagnostics [7]. Meanwhile, fluorescence
methods show great promise for the detection of trace
amounts of analytes owing to their sensitivity, simplicity, fast
response, and cost-effective instrumentation [8]. Over the past
few decades, there has become a remarkable growth in the use
of fluorescence methods in the bioanalysis, cellular and mo-
lecular imaging. Among the various luminophores, quantum
dots (QDs) have been widely employed due to their easy
preparation, high luminescence efficiency, photo-stability
and size dependent optical properties [9]. However, the major
challenge to develop a QDs-based fluorescence probe is the
development of a chemical or molecular recognition element
[10, 11].
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Molecular imprinting technology allows the creation of
tailor-made recognition sites with a memory of the shape, size
and functional groups of the template molecules in synthetic
polymers. Molecularly imprinted polymers (MIPs) have
shown considerable promise as substitutes for natural recep-
tors and antibodies, and a wide range of application has been
explored [12]. While molecular imprinting technology has
seen use with small organic molecules, the imprinting of pro-
teins has been and continues to be a sizable challenge. The
difficulty is mainly due to their large size, structural complex-
ity, conformations flexibility, and compatibility with solvents
[13]. Hydrogen bonding plays an important role in molecular
recognition of biomolecules in aqueous media. The use of
water as solvent provides a biologically benign environment
for proteins. However, water can reduce hydrogen bonding
and electrostatic interactions between template molecules
and functional monomers. Hydrogen bond-based molecular
imprinting often shows non-specific recognition for small
molecules and proteins in aqueous solutions. Covalent mo-
lecular imprinting with the template proteins conjugated
with the functional monomers by covalent linkage may
be able to provide more specific binding cavities. Boronic
acids are ideal candidates for effective formation of glyco-
protein recognition sites because they covalently and re-
versibly bind carbohydrates to form cyclic esters in an
alkaline aqueous solution, and the cyclic esters dissociate
when the medium is changed to acidic pH [14]. Recently,
Liu and coworkers have been exploring the new field of
boronate affinity-based MIP for the immunoassay of gly-
coproteins [15–17].

The integration of a signalling element into MIP has
also attracted extensive research interest, because the resul-
tant recognition materials are capable of transduction of
binding events into readable signals [18]. Generally, there
are two methods for the incorporation of fluorescent spe-
cies in the imprinted polymer matrix. The first method
involves the use of fluorophore-conjugated functional
monomers [19, 20]. Unfortunately, syntheses of fluorescent
functional monomers are time consuming, and the resul-
tant fluorescent MIP often show high background noise
due to fluorescent residues located outside the binding
cavities [21]. The second method concerns the creation
of a molecular imprinted layer over QDs [22–24]. How-
ever, the surface immobilization of functional groups on
QDs remains complex and uncontrollable. Furthermore,
the MIP-QD sensing materials often show low sensitivity
because QDs were embedded into highly cross-linked
MIP.

As a tumor biomarker, α-fetoprotein (AFP) is a glyco-
protein with a molecular weight of approximately 70 kDa,
which is secreted by fetal liver and yolk sac. The in-
creased AFP concentration in adult plasma is usually con-
sidered as an early indication of hepatocellular or

endodermal sinus tumor [25]. This paper demonstrates an
alternative strategy for producing fluorescent MIP for se-
lective fluorescence turn-on sensing of α-fetoprotein. We
use amino modified Mn-doped ZnS QDs as the support,
4-vinylphenylboronic acid and methyl methacrylate as the
functional monomers, γ-methacryloxypropyl trimethoxy si-
lane as the grafting agent, and α-fetoprotein as a template
to produce graft imprinting at the surface of the Mn-doped
ZnS QDs. The MIP-QDs composites function as a fluo-
rescent sensing material for specific recognition of α-feto-
protein, allowing for sensitive and selective detection of
α-fetoprotein in biological samples.

Experimental section

Reagents and chemicals

All chemicals used were of analytical grade. ZnSO4·7H2O,
Na2S·9H2O, MnCl2 ·4H2O, were used as received from
Alfa Aesar (http://www.alfachina.cn/, Tianjin, China). 3-
Mercaptopropyltriethoxysilane (MPTS), γ-methacryloxypropyl
trimethoxy silane (KH570), α-fetoprotein (AFP), lysozyme
(Lyz), cytochrome c (Cyt), bovine serum albumin (BSA), bo-
vine hemoglobin (BHb), horseradish peroxidase (HRP), myo-
globin (Mb), ovalbumin (Ova), transferrin (TRF), and ribonu-
clease B (RNase B) were obtained from Sigma-Aldrich Co
(http://www.sigma-aldrich.com/, St. Louis, MO). 4-
Vinylphenylboronic acid (VPBA), methyl methacrylate
(MMA) , a c r y l am i d e (AAM) , N , N , N ’ , N ’ -
tetramethylethylethylenediamine (TEMED) and ammonium
persulfate (APS) were purchased from Tianjian Chemical Re-
agents Co., Ltd (http://www.ectcr.com/, Tianjin, China). The
mouse monoclonal to AFP antibody was from Jingtian
Biotech Co. Ltd. (http://www.biococ.com.cn/, Shanghai,
China). Other chemicals were purchased from Shanghai
Chemical Reagent Company (http://www.scrri.com/,
Shanghai, China). Ultrapure water from a laboratory water
purification system (Sartorius, Germany) was used throughout
this work.

Characterization

The morphology and microstructure of the QDs and MIP-
QDs were characterized by high-resolution transmission
electron microscopy (HRTEM) on a JEM-2100HR (JEOL;
Japan). The X-ray diffraction (XRD) spectra were collect-
ed on a Bruker D8 Advance X-ray diffractometer (Bruker,
Germany). UV–Vis absorption spectra were recorded with
A Shimadzu UV–Vis 1700 Spectrophotometer. The fluo-
rescence spectra were recorded on an F-2500 (Hitachi,
Tokyo, Japan). The acidity was monitored with a pH211
microprocessor pH meter (Hanna instruments).
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Synthesis of amino-capped Mn-doped ZnS QDs

The procedure for synthetically producing the amino-capped
Mn-doped ZnS QDs used in this work is similar to the method
previously described in literature [26]. 1.8 g of ZnSO4, 0.1 g
of MnCl2, and 20 mL of ultrapure water were added to a
50 mL three-necked flask. After the mixture was stirred under
nitrogen at room temperature for 10 min, 5 mL of aqueous
solution containing 1.5 g of Na2S was added drop wise, and
the mixture was kept stirring for 30 min. Then 5 mL of an
ethanol solution containing 0.072 g of MPTS was added, and
the mixture was kept stirring for 24 h. The resultant MPTS-
capped Mn-doped ZnS QDs were centrifuged and washed
with absolute ethanol three times before being dried under
vacuum. In the second step, 10 mL of an absolute ethanol
solution containing 200 μL of APTES, 0.35 mL of TEOS,
and 250 mg of MPTS-capped Mn-doped ZnS QDs were
added to a 25-mL flask. After the mixture was stirred for
10 min, 0.4 mL of concentrated ammonium hydroxide solu-
tion and 2.0 mL H2O were added, and the mixture was kept
stirring for 18 h. The amino modified Mn-doped ZnS QDs
were centrifuged and washed with ultrapure water three times
then dried in vacuum at room temperature.

Preparation of MIP-QDs composites

Typically, NH2 modified Mn-doped ZnS QDs were first dis-
persed in 5 mL of carbonate buffer (0.01 mol·L−1, pH 9.0) by
ultrasonic vibration. MMA, 4-vinylphenylboronic acid, AFP
and KH570 were dissolved into the above solution. The
mixing solution was purged with nitrogen for 30 min and
stirred for 1 h before TEOS (0.3 mL of TEOS dissolved in
1 mL methanol) and 10 mg of APS were added into the solu-
tion. The mixing solution was purged with nitrogen and
allowed to proceed under magnetic stirring for 5 h. The
nonimprinted polymer (NIP) was synthesized in parallel but
without the addition of the template. After the reaction, the
MIP- and NIP-QDs composites were centrifuged and washed
with ultrapure water to remove the unreacted monomers. Fi-
nally, the MIP-QDs composites were washed repeatedly with
0.2 mol·L−1 phosphoric acid solution containing 30 % aceto-
nitrile (v/v) and shaken for 2 h to remove the template until no
AFP in the supernatant was detected using a UV/vis spectro-
photometer at 280 nm detection wavelength.

Evaluation of the adsorption characteristics of MIP-QDs

The capacity and kinetics of the rebinding molecules were
investigated using UV–Vis absorption spectra. Tenmilligrams
of MIP-QDs composites were suspended in 5 mL of aqueous
solution with different AFP concentrations. After incubation
at room temperature for 12 h, the MIP-QDs composites were
removed by centrifugation. The binding amount of template

was calculated as the difference in concentration between the
initial spike solution and the concentration of the supernatant
after equilibration. The experimental data is presented as the
adsorption capacity per unit mass (mg) of the nanoparticles,

and the adsorption capacity (Q) calculated usingQ ¼ V C0−Ceð Þ
m ,

where Q (mg·g−1) is the mass of the template adsorbed by a
unit mass of particles, C0 (mg mL−1) is the initial template
concentration, Ce (mg·mL−1) is the template concentration
of the supernatant, V (mL) is the volume of the initial solution,
and m (g) is the mass of the particles.

Measurement procedure

The standard solutions of AFP for calibration were prepared
by dissolved AFPwith 0.01mol·L−1 phosphate (PBS, pH 7.4)
solution and stored at 4 °C. To a 5-mL calibrated test tube,
1 mL of 100 mg·L−1 MIP- or NIP-QDs solution, 1.0 mL of
carbonate solution (CBS, pH 9.0, 0.01 mol·L−1), and different
concentrations of AFP (1.0 mL) were sequentially added. The
mixture was then diluted to volume with ultrapure water and
mixed thoroughly to make it homogeneous. The response
time of the MIP-QDs composites was set to be 15 min for
subsequent experiments [27]. The experiments were conduct-
ed in the air conditioned room under the temperature of 25 °C.

Serum samples

The clinical serum samples were collected from volunteers of
Guangzhou first people’s hospital. An appropriate dilution of
serum (20-fold) was adopted before detection. The concentra-
tion of the AFP in serum samples were detected by the above
method. The slit widths were 5 nm for both excitation and
emission in the fluorescence mode. The excitation wavelength
was set at 340 nm with a PMT voltage of 400 V.

Results and discussion

Preparation and characterization of MIP- and NIP-QDs
composites

Applying molecular imprinting techniques to the surface of
QDs allows the preparation of MIP with accessible, surface-
exposed binding sites and excellent optical properties. Among
such QDs, Mn-doped ZnS QDs have been widely employed
owing to their easy preparation, low cytotoxicity, wonderful
biocompatibility and high photo-luminescence efficiency. As
shown in Fig. 1, the surface of the QDs was modified with
amino propyls that leave enough silanol groups for further
surface-initiated poly-condensation to inhibit QDs leakage
during the imprinting process [28]. Typically for the protein
imprinting, functional monomers including acrylic acid
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derivatives, siloxane derivatives, and electropolymerizable
monomers have been extensively used [29]. VPBA and
MMAwere chosen as the functional monomers based on the
consideration that the boronic acid group covalently reacts
with glycoproteins which containing cis-diols to form cy-
clic esters in an alkaline aqueous solution, and polymethyl
methacrylate (PMMA) showed excellent hydrophobic abil-
ity to suppress nonspecific adsorption. We choose TEOS
as the inorganic precursor, and KH570 as the coupling
agent, which was used to form the covalent bonding be-
tween organic and inorganic phases. Subsequently, the
MIP is fabricated from a sol–gel hydrolysis process and
a pre-polymerization reaction through covalent bonds to
yield organic–inorganic phase. After removing the template
molecules, recognition cavities complementary to the tem-
plate molecule in shape, size, and chemical functionality
were formed in the cross-linked polymer matrix. Note that
the controllability and hydrophilic the MIP relate to the
specific binding properties. We designed and prepared

several different MIP-QDs composites to find the optimal
monomer composition. As shown in Table S1, MIP-QDs
possesses a high adsorption capacity and selectivity with a
molar ratio of 1:1, while the other molar ratios showed
low adsorption capacity or selectivity. Our explanation for
this result is that the low ratios of 4-vinylphenylboronic
acid (VPBA) and methyl methacrylate (MMA) induce
fewer non-specific binding sites in the polymer due to
fewer complexes being formed between the functional
monomer and the template, while the high ratios of VPBA
to MMA result in high non-specific adsorption. Consider-
ing these two aspects, the molar ratio of 1:1 of VPBA to
MMA was chosen to develop the MIP-QDs composites.

High-resolution transmission electron microscopy
(HRTEM) image reveal that the QDs particles are spher-
ical in shape and almost uniform in size, with a diam-
eter of approximately 3 nm (n=20, relative standard
deviation: 1.8 %) (Fig. 2a). Fig. 2b and c show that
the process aggregates and embeds the original QDs

Fig. 1 Schematic illustration of
the synthesis of the MIP-QDs
composites
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into larger particles after surface imprinting on the QDs, and
there is no significant difference in the particle diameter be-
tween MIP-QDs and NIP-QDs. The TEM image of the MIP-
QDs composites indicates that the QDs shown as black dots in
the image are successfully embedded in the polymer matrix.
The thickness of molecularly imprinted shell was difficult to
characterize by TEM due to the aggregation of the MIP-QDs
during drying on a Cu grid. The X-ray diffraction (XRD)
pattern of the MIP-QDs composites (Fig. 2d) exhibits a cubic
structure with peaks in (111), (220), and (311).

Next, the stability of the MIP-QDs composites was evaluated
at room temperature by the repeated detections of the fluores-
cence intensity of the MIP-QDs. As shown in Fig. S1, the fluo-
rescence intensitywas stable as confirmed by the observed 2.3%
relative standard deviation for 9 replicate measurements over
more than 2 h. The main reason for the stable fluorescence
emission is that the inner Mn2+ is protected by the MIP shell.

Effect of pH on detection

Prior to using the MIP-QDs composites for fluorescence de-
tection of α-fetoprotein, we investigated the effect of pH on
the response of the sensing material. The enhanced fluores-
cence intensity (△F) normalized to the initial fluorescence in-
tensity (F0) was used to evaluate the enhanced efficiency of
the target protein toward the fluorescence intensity of the
MIP-QDs. As shown in Fig. S2, a change in pH can influence
the protonation of AFP and the boric acid groups in the

polymers and thus can affect the interactions between AFP
and the MIP-QDs. The enhanced fluorescence signals were
stable in the subsequent 30 min. The maximum enhancement
percentage of fluorescence intensity occurs at a pH of 9.0, so
we used a 1.0 mL CBS buffer solution (0.01 mol·L−1, pH 9.0)
for further experiments to obtain stable fluorescence intensity
and high sensitivity. Note that this buffer solution is also a
typical condition for boronate affinity interaction.

Analytical performance of MIP-QDs composites

Typical fluorescence enhancement of the MIP- and NIP-
QDs composites by 5.0×10−8 to 1.0×10−5 g·L−1 AFP was
showed in Fig. 3a and b. Both the MIP- and NIP-QDs
composites exhibit a spectroscopic response to the target
protein. However, the fluorescence enhancement is much
more noticeable with the MIP-QDs composites than with
the NIP-QDs composites. The larger enhancement efficien-
cy of the MIP-QDs composites results from its specific
binding affinity with AFP.

To demonstrate that the recognition specificity of the MIP-
QDs composites, five other glycoproteins including horserad-
ish peroxidase (HRP, PI 3.0–9.0, 4.0×6.7×11.7 nm3), myo-
globin (Mb, pI 7.0, 2.5×3.5×4.5 nm3), ovalbumin (Ova, pI
4.6, 7.0×4.5×5.0 nm3), transferrin (TRF, PI, 5.2–6.2, 4.5×
5.8×13.6 nm3), and ribonuclease B (RNase B, PI, 8.9,
10.1×3.3×7.4 nm3) were chosen for comparison. These

Fig. 2 High-resolution TEM
image of: MPTS-capped QDs (a),
TEM image of MIP-QDs
composites (b), TEM image of
the NIP-QDs composites (c),
X-ray diffraction pattern of the
MIP-QDs composites (d)
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proteins have large differences in isoelectric point and di-
mension. As shown in Fig. S3, the MIP-QDs showed a
very sensitive response to the target protein AFP but were
almost insensitive to the other proteins. The most relevant
ions in biological fluids had no effect on the detection of
AFP (Table S2). The fact that the delicate binding sites of
AFP molecules in the MIP-QDs have the capability to
recognize AFP and the hydrophobic ability of PMMA to
suppress the non-specific adsorption can explain this
result.

We next investigated the recyclability of MIP-QDs, since
template removal during synthesis of the MIP-QDs was
achieved by solvent extraction, and regeneration of the MIP-
QDs composites after rebinding was performed the same way.
As shown in Fig. S4, the enhancement efficiency ofMIP-QDs
to AFP was almost unchanged after six cycles of adsorption
and desorption. We attribute this result to the effective regen-
eration of molecularly imprinted cavities, which provide spe-
cial recognition sites for the target protein.

Using the MIP-QDs composites for selective detection
of AFP in biological fluids

As shown in Fig. 4, the fluorescence intensity was proportion-
ally increased by increasing AFP concentration in the MIP-
QDs. The fluorescence enhancement in this system follows
the Stern-Volmer equation:

F=F0 ¼ 1þ ksv Cq

� �

where F0 and F are the fluorescence intensities in the absence
and presence of the target protein respectively, Cq is the con-
centration of the target protein, and Ksv is the Stern-Volmer
constant [23]. The calibration plot of F/F0−1 versus Cq has a
good linear relationship in the range of 5.0×10−8 g·L−1 –
1.0×10−5 g·L−1 with a correlation coefficient of 0.998. The
limit of detection (LOD) is calculated following the 3σ
IUPAC criteria (3σ/S), where σ is the standard deviation of
the blank signal and S is the slope of the linear calibration. The
LOD for AFP was 4.8×10−8 g·L−1. The precision for 11 rep-
licate detections of 1.0×10−6 g·L−1 AFP was 2.4 % (RSD).

The developed MIP-QDs composites-based fluorescence
methodwas employed to detect AFP concentrations in clinical
serum samples. The accuracy of AFP determination was ex-
amined by comparing the results with those from the ELISA
analysis. As shown in Table 1, the analytical results for the

Table 1 Analytical results for AFP concentration in five patients’
serum samples detected by two independent methods

Serum samples ELISA (μg·L−1) This method (μg·L−1) RSD (%)

1 3.31 3.44 3.3

2 6.52 6.75 3.5

3 28.13 26.84 3.1

4 122.66 119.62 2.5

5 180.38 183.80 1.8Fig. 4 Fluorescence emission spectra of the MIP-QDs in human serum
samples on addition of different concentrations of AFP

Fig. 3 Effect of α-fetoprotein concentration on the fluorescence spectra of the MIP-QDs (a) and NIP-QDs (b) composites
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detection of AFP in five serum samples were in good agree-
ment with those obtained using an ELISAmethod. The results
demonstrate that this sensing material has great potential for
the determination of AFP in clinical samples.

Several methods have been described in literature for AFP
detection and their analytical performances are summered in
Table 2. Li et al. reported a sensitive photoelectrochemical
immunosensing method for the determination of AFP but it
needs a long incubation time and fabrication of the
photoelectrochemical immunosensor is complicated [33]. It
can be seen that without expensive instrumentation and exten-
sive sample preparation, a level of analytical performance has
been achieved by this approach. The LOD and linear range of
this method is comparable or superior to those obtained by
chemiluminescence and ELISA methods.

Possible increasement mechanism of AFP
on the fluorescence of MIP-QDs composites

To explain the mechanism of AFP on the fluorescence of the
MIP-QDs composites, it is important to understand both the
fluorescence emission mechanism of the QDs and the recog-
nition mechanism of the MIP. The well-known orange emis-
sion of Mn-doped ZnS QDs is excited either by direct recom-
bination of a bound exciton with Mn2+ or via trapping of the
hole by Mn2+. Subsequent recombinations with shallowly
trapped electrons result in Mn2+ in an excited state and are
followed by the well-known phosphorescence emission
(Fig. S5). In aqueous systems, boronic acids exist in equilib-
rium between an undissociated neutral trigonal form and a
dissociated anionic tetrahedral form. In the presence of 1, 2-
or 1, 3-diols, cyclic boronate esters formed by reaction of the
neutral boronic acid with a diol are generally considered hy-
drolytically unstable [35]. As shown in Fig. S6, the quenching
mechanism can be described as an electron transfer process. In
the absence of AFP, the fluorescence quenching occurs due to
the electron transfer between the Mn-doped ZnS QDs and the
boronmoieties. On the other hand, when the boronmoieties of
the MIP-QDs becomes negatively charged after AFP binding,
the electrostatic attraction between the QDs and the boron

moieties is hindered, leading to a loss of quenching efficiency
and an increase in fluorescence intensity.

Conclusions

We demonstrate an alternative strategy for producing
fluorescent MIP for selective fluorescence turn-on sens-
ing of α-fetoprotein. The resultant MIP exhibit excellent
ability for specific binding of the target protein owing to
a synergism between the boronate affinity binding sites
and the shape exclusion of the imprinted cavity. Under
optimal conditions, trace levels of α-fetoprotein are
signalled with high sensitivity and selectivity by emis-
sion intensity changes of the Mn-doped ZnS QDs, which
is embedded into the imprinted polymers.
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